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This report- p r e s e n k s  the r e s u l t s  of the Applied Research and 
Feasibility Studies, Exper imenta l  Investigations and ConeepkuaL 
o r  P r e l i m i n a r y  Design Eng ineer ing  A p p l i c a b l e  t o  I n v e r k e r s  f o r  
Motors Study Program. The Study Program conducted  by Engineered  
Magnet ics  from J u n e  1967 t o  J a n u a r y  1969 was based  on i n f o r m a t i o n  
d e r i v e d  from t h e  I n v e r t e r s  For  Motors Study Program (NASA 
C o n t r a c t  No. NAS8-18013, Engineered Magnet ics  F i n a l  Repor t  
No. 2 0 6 8 ) ,  conducted  by Engineered  Magnet ics  from J u n e  1966 
t o  J u n e  1967. 
During t h i s  s t u d y  program, a n  i n v e r t e r - m o t o r  sys tem was developed 
and used t o  o b t a i n  i n f o r m a t i o n  r e l a t i n g  t o  e f f i c i e n c y ,  t o r q u e  
v e r s u s  speed ,  s l i p  c o n t r o l ,  c u r r e n t  l i m i t i n g ,  and d e s i g n  and 
o p e r a t i n g  c h a r a c t e r i s t i c s  of i n v e r t e r s  and motors .  The i n f o r -  
mation o b t a i n e d  d u r i n g  t h e  s t u d y  program is  p r e s e n t e d  i n  t h i s  
r e p o r t .  The i n v e r t e r - m o t o r  sys tem c o n s i s t e d  of  a  1/7 horsepower 
r a t e d  AC i n d u c t i o n  t y p e  motor o p e r a t e d  i n  c o n j u n c t i o n  w i t h  a n  
i n v e r t e r  breadboard  hav ing  a  q u a s i - s q u a r e  wave o u t p u t .  The 
motor was f a b r i c a t e d  and t e s t e d  i n  accordance  w i t h  d e s i g n  
requ i rements  d e f i n e d  by Engineered Magne t i c s .  The i n v e r t e r  
breadboard  was d e s i g n e d  and f a b r i c a t e d  by Engineered  Magnet ics  
D i v i s i o n  of Gul ton  I n d u s t r i e s .  
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PREFACE 
T h i s  i s  t h e  F i n a l  R e p o r t  of Engineered Magnetics Applied Research 
and F e a s i b i l i t y  S t u d i e s ,  Experimental I n v e s t i g a t i o n s  and Con- 
c e p t u a l  or  Pre l iminary  Design Engineering Appl icable  To I n v e r t e r s  
For Motors Study Program. 
This F i n a l  Report i s  f o r  t h e  c o n t r a c t  per iod  of June 1967 t o  
January 1969. During t h e  course  of t h e  c o n t r a c t ,  t e chn ica l  
monthly and q u a r t e r l y  p rogress  r e p o r t s  were prepared and sub- 
mi t ted  t o  NASA. 
The N a t i o n a l  A e r o n a u t i c s  a n d  Space A d m i n i s t r a t i o n  C o n t r a c t  
N u m b e r  NAS8-20832, Appl ied  Research  and F e a s i b i L l t y  S t u d i e s ,  
Exper imenta l  I n v e s t i g a t i o n s  and Conceptual  o r  P r e l i m i n a r y  Design 
Eng ineer ing  A p p l i c a b l e  To I n v e r t e r s  For  Motors Program ( h e r e - i n  
a f t e r  r e f e r r e d  t o  a s  t h e  "Study Of I n v e r t e r s  Program") ,  was 
awarded t o  t h e  Engineered  Magnet ics  D i v i s i o n  of Gul ton  I n d u s t r i e s ,  
I n c . ,  i n  June  1967. 
The Study o f  I n v e r t e r s  Program was conducted a t  Engineered  
Magnet ics  D i v i s i o n  from J u n e  1967 t o  December 1968. The o b j e c -  
t i v e s  of  t h e  Study of I n v e r t e r s  Program a r e  d e f i n e d  a s  f o l l o w s :  
1. Develop advanced i n v e r t e r s  w i t h  h i g h e r  e f f i c i e n c y  and 
improved performance c h a r a c t e r i s t i c s  r e q u i r e d  f o r  motor 
o p e r a t i o n  t h a t  w i l l  a s s u r e  t h e  improved r e l i a b i l i t y  
and long l i f e  r e q u i r e d  f o r  space  v e h i c l e  a p p l i c a t i o n s .  
2 .  Advance technology i n  t h e  f i e l d  of power c o n d i t i o n i n g  
w i t h  improved d e s i g n  c o n c e p t s  and t e c h n i q u e s .  
3 .  E f f e c t  t h e  n e c e s s a r y  improvements i n  m a t e r i a l s ,  com- 
ponen t s ,  and p r o c e s s e s  r e q u i r e d  t o  a c h i e v e  maximum 
performance and r e l i a b i l i t y .  
4 .  Consider  g e n e r a l  sys tems  requ i rements  such  a s  ruggedness ,  
s i m p l i c i t y ,  e a s e  of o p e r a t i o n ,  and m a i n t a i n a b i l i t y  i n  
accompl ishing t h e  prime o b j e c t i v e s .  
During t h e  Study of  I n v e r t e r s  P rogram,severa l  motor and i n v e r t e r  
d e s i g n s  were  i n v e s t i g a t e d  i n  o r d e r  t o  de te rmine  which motor 
and i n v e r t e r  t y p e s  a r e  most compat ib le  when connected  a s  a n  
inver te r -motor  combinat ion .  The Motor A n a l y s i s  and I n v e r t e r  
Design Review p o r t i o n  o f  t h e  s t u d y  r e s u l t e d  i n  t h e  s e l e c t i o n  
of a n  AC i n d u c t i o n  t y p e  motor t o  b e  o p e r a t e d  by a  q u a s i - s q u a r e  
wave i n v e r t e r  o u t p u t .  The s e l e c t i o n  of t h e  motor was accomplished 
a f t e r  a n a l y z i n g  t h e  c h a r a c t e r i s t i c s  and requ i rements  of  syn-  
chronous and i n d u c t i o n  t y p e  motors .  Motors o p e r a t i n g  on DC 
i n p u t s  w e r e  n o t  i n c l u d e d  i n  t h e  Study Program because  s f  t h e  
i n h e r e n t  inadequac ies  and n o i s e  g e n e r a t i n g  c h a r a c t e r i s t i c s  of 
t h i s  motor type  
T h e  exc i ted  synchronous motor w h i s h  conta ins  s l i p  r ings  and 
brushes was  a l s o  excluded from f u r t h e r  s tudy ,  T h i s  type s f  
motor was determined t o  be undesirable f o r  the  study of I n v e r t e r s  
Program due t o  t h e  excessive motor s i z e  and weight required t o  
obta in  a useable horsepower r a t i n g .  
The induct ion motor presents  the  most d e s i r a b l e  c h a r a c t e r i s t i c s  
f o r  a  general  purpose (a i rborne)  a p p l i c a t i o n .  The operat ing 
c h a r a c t e r i s t i c s  of the induct ion motor were analyzed i n  d e t a i l  
t o  e s t a b l i s h  the  bas ic  inve r t e r  requirements f o r  AC motor 
opera t ion .  
Inver t e r  output c h a r a c t e r i s t i c s  were s tud ied  and the quasi-  
square wave i n v e r t e r  output was s e l e c t e d  a s  t h e  most adaptable  
f o r  operat ing t h e  AC motor. The quasi-square wave, which more 
near ly  dup l i ca tes  a  s i n e  wave and can e a s i l y  be formed t o  
operate  an AC motor was se lec ted  f o r  in tens ive  i n v e s t i g a t i o n .  
Unlike o ther  i n v e r t e r  designs the  quasi-square wave i n v e r t e r  
requi res  no heavy transformer t o  supply a  useable output .  
An AC induct ion type,  1 /7  horsepower r a t e d  motor cons i s t ing  
of one r o t o r  and two interchangeable f i e l d  housing assemblies 
was purchased f o r  t h e  Study Program. The two f i e l d  housing 
assemblies were of d i f f e r e n t  mater ia l  and thus the re  were, 
i n  e f f e c t ,  two d i f f e r e n t  motors having i d e n t i c a l  r o t o r s ,  which 
permitted t h e  a f f e c t  of mater ia l  i n  r e l a t i o n  t o  motor e f f i c i e n c y  
t o  be inves t iga ted .  
Desiqn Guidelines 
1. In genera l ,  the  performance and environmental requi re-  
ments a s  s p e c i f i e d  f o r  Saturn-Apollo systems and e l e c t r o n i c  
equipment was used as  guide l ine  s p e c i f i c a t i o n s  f o r  the  Study 
of Inver t e r s  Program. I t  i s  emphasized t h a t  t h i s  study program 
attempts t o  improve performance and a l s o  t o  extend the  l i f e  
and environmental range c a p a b i l i t y  of space vehic le  i n v e r t e r s .  
2 ,  specia l  guideline requirements are itemized below: 
Input. 
Input Deviation: 
28 t 4 VDC ( f o r  metars Less than 
3/4 horsepower r a t i n g )  
Motor-Inverter shall operate 
with~ut damage for 100 hours 
with input voltage deviations 
of k 15%. 
Power: LOO VA to 2 horsepower rating. 
Output: 
Efficiency : 
Voltage, frequency, regulation, 
and wave form to be consistent 
with required optimum performance 
and the motor-inverter interface. 
Motor characteristics did not 
permit 85% efficiency. 
Operation Life: 1500 hours. 
Overload Protection: Current limiting circuit designed. 
The results of system tests pertain to inverter-motor efficiency, 
motor torque and slip, and other inverter-motor characteristics 
when operating as a system. 
I, INTRODUCTION, 
Enganeered Magnetics rece~ved the authorrty to proceed for 
the Applied Research and FeaslblLity Studaes, ExperrmentaL 
I n v e s t i g a t i o n s ,  and Conceptual O r  Pre l iminary  Oesinn Y 
Engineering Appl icable  t o  I n v e r t e r s  For Motors (here - in  
a f t e r  r e f e r r e d  t o  a s  t h e  Study of I n v e r t e r s  Program)as 
s t a t e d  i n  the  Nat iona l  Aeronaut ics  and Space Adminis t ra t ion  
Con t r ac t  No. NAS8-20832 da t ed  June 1967. 
The major purpose of t h i s  s tudy  program is  t o  d e f i n e  motor 
and i n v e r t e r  i n t e r f a c e  and des ign  requirements  t h a t  w i l l  
r e s u l t  i n  optimum performance and r e l i a b i l i t y  of an i n v e r t e r -  
motor system. 
This  r e p o r t  p r e s e n t s  in format ion  p e r t a i n i n g  t o  t h e  Study 
of I n v e r t e r s  Program s t a r t i n g  i n  June 1967, and con t inu ing  
t o  January 1969. The in format ion  conta ined  here - in  r e l a t e s  
t o  t h e  fol lowing a r e a s :  
Inverter-Motor App l i ca t ions .  
Motor Analysis  and I n v e r t e r  Design Review. 
System T e s t s  . 
11 .. INVERTER-MOTOR APPLICATIONS. 
There axe s a v e r a l  applications for inverter-motor c s & l n a t l o n s ,  
W few of these applications are discussed in the f s l l s w l n y  
paragraphs ,  
A .  Vehicle Dr ive .  
Inver ter-motor  a p p l i c a t i o n s  f o r  v e h i c l e  d r i v e  inc lude  a  
p o s s i b l e  l una r  t r a n s p o r t  v e h i c l e  t h a t  i s  designed t o  
c a r r y  i t s  prime power (such a s  b a t t e r i e s  o r  f u e l  c e l l ) .  
An i n v e r t e r  used f o r  t h i s  a p p l i c a t i o n  w i l l  con ta in  
c i r c u i t s  f o r  c u r r e n t  c o n t r o l ,  s l i p  frequency c o n t r o l ,  
and motor r e v e r s a l  t o  permit  v a r i a b l e  speed ope ra t ion  
a t  maximum system e f f i c i e n c y .  A v e h i c l e  designed f o r  
t h i s  purpose w i l l  u s u a l l y  be o p e r a t i n g  a t  cond i t i ons  
cons ide rab ly  l e s s  than maximum speed,  wh i l e  mainta ining 
to rque ,  speed c o n t r o l ,  and t h e  a b i l i t y  t o  ope ra t e  i n  a  
r e v e r s e  d i r e c t i o n .  
B .  C e n t r i f u g a l  Pump. 
A c e n t r i f u g a l  pump does n o t  r e q u i r e  any i n v e r t e r  c o n t r o l  
f e a t u r e s  as t h e  to rque  i s  low u n t i l  t h e  pump approaches 
i t s  normal ope ra t ing  speed.  The i n v e r t e r  f o r  t h i s  a p p l i -  
c a t i o n  w i l l  be  of a  s t anda rd  des ign  and t h e  impe l l e r  
motor can have a  comparat ively  h igh  r e s i s t a n c e  r o t o r ,  
which w i l l  reduce i n i t i a l  in-rush c u r r e n t .  
Mult i-speed Blower. 
The requirements  of a  mult i-speed blower a r e  s i m i l a r  t o  
t h e  c e n t r i f u g a l  pump requirements ,  except  motor speed 
c o n t r o l  is obta ined  by vary ing  t h e  i n v e r t e r  ou tpu t  
f requency.  This motor speed c o n t r o l  technique r e q u i r e s  
c o n t r o l  of t h e  motor i n p u t  v o l t a g e  l e v e l  t o  p revent  
s a t u r a t i o n  of  t h e  motor i r o n  when t h e  i n v e r t e r  ou tpu t  
frequency i s  decreased .  
D .  P o s i t i v e  Displacement Pump. 
A motor d r i v i n g  a  p o s i t i v e  displacement  pump i s  r equ i r ed  
t o  develop a h igh  s t a r t i n g  to rque .  For t h i s  requirement ,  
s l i p  frequency c o n t r o l  w i l l  be used t o  mainta in  a h igh  
s t a r t i n g  to rque  whi le  l i m i t i n g  c u r r e n t .  This system 
normally func t ions  a t  t he  r a t e d  speed of the motor, a s  
e f f i c i e n c y  a t  lower speeds is  no t  a  requirement of t h i s  
a p p l i c a t i o n .  
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MOTOR ANALYSIS AND INVERTER DESIGN R F V I W  
A,  Motor A n a l y s i s ,  
Eng inee red  Magnetics Report  No. 2068 ( F i n a l  Report For 
I n v e r t e r s  For Motors S t u d y  Program, prepared f o r  NASA 
Cont rac t  N O .  N A S 8 - 1 8 0 1 3 )  p resen ted  a  review of t h e  
c h a r a c t e r i s t i c s  of s e v e r a l  types  of motors used i n  
a p p l i c a t i o n s  where h igh  r e l i a b i l i t y  is  r e q u i r e d .  The 
motor a n a l y s i s  was based on in format ion  ob ta ined  from 
s e v e r a l  s tandard  books and a r t i c l e s ,  and from d i s c u s s i o n s  
w i t h  motor manufacturers .  The g u i d e l i n e s  of t h e  s tudy  
program r e s t r i c t e d  t h e  motor types  t o  be  i n v e s t i g a t e d  
t o  mul t iphase  motors o f  r e l a t i v e l y  low horsepower having 
no brushes  o r  s l i p  r i n g s .  The motor types  i n v e s t i g a t e d  
were synchronous and induc t ion  type motors.  These 
motors a r e  designed f o r  use  w i t h  a l t e r n a t i n g  c u r r e n t .  
D i r e c t  c u r r e n t  opera ted  motors were n o t  i n v e s t i g a t e d  
f o r  the  s tudy  program because of i n h e r e n t  inadequac ies  
and n o i s e  gene ra t ing  c h a r a c t e r i s t i c s  r e l a t e d  t o  t h i s  
type  of motor. 
Exc i ted  synchronous motors,  which r e q u i r e  a  DC e x c i t a t i o n  
c u r r e n t ,  were on ly  b r i e f l y  s t u d i e d  as t h e s e  motors c o n t a i n  
s l i p  r i n g s  and b rushes ,  and a r e ,  t h e r e f o r e ,  o u t s i d e  of 
t h e  scope of t h e  s tudy  program. Non-excited synchronous 
motors, such a s  synchronous-inductance o r  h y s t e r e s i s  
type  motors,  were n o t  cons idered  a s  being p r a c t i c a l  f o r  
l a r g e  power a p p l i c a t i o n s  a s  they  a r e  l e s s  e f f i c i e n t  and 
l a r g e r  i n  s i z e  than induc t ion  motors of t h e  same power 
r a t i n g .  
The induc t ion  motor i s  t h e  type  most commonly employed 
for g e n e r a l  purpose a p p l i c a t i o n s .  An a l t e r n a t i n g  c u r r e n t  
is  a p p l i e d  d i r e c t l y  t o  t h e  s t a t o r  windings,  and supp l i ed  
by i n d u c t i o n  t o  t h e  r o t o r  windlng.  The performance of 
i nduc t ion  motors is  desc r ibed  i n  d e t a i l ,  i n  END Report  
N o ,  2068, by the  use of equ iva l en t  c i r c u i t  i l l u s t r a t i o n s  
and approximate g r a p h i c a l  a n a l y s i s  employing a c i r c l e  
diagram. 
Based on the information presented in m D  Repor t  No, 
2068, the motor d e s ~ g n  best quallfled for gene ra l  
application is t h e  induction motor with a s q u i r r e l  
cage r o t o r ,  The primary problems r e l a t ed  t o  t h i s  type 
of motor a r e  low s t a r t i n g  to rque  and high  in rush  c u r r e n t  
when t h e  motor is  designed f o r  maximum e f f i c i e n c y  
o p e r a t i o n .  Methods of overcoming t h e  low s t a r t i n g  
to rque  and h igh  in rush  c u r r e n t  c h a r a c t e r i s t i c s  of t h e  
i nduc t ion  motor and methods of ach iev ing  v a r i a b l e  speed 
o p e r a t i o n  a r e  p resen ted  i n  t h e  fo l lowing  paragraphs .  
1. Frequency and Speed. 
Heat gene ra t ion  i s  t h e  major speed l i m i t i n g  f a c t o r  
r e l a t e d  t o  motor des ign .  Gears and gea r  t r a i n s  
lower system e f f i c i e n c y ,  except  when used i n  l a r g e  
systems.  Therefore ,  t h e  motor should be  matched 
t o  t h e  load .  This motor-to-load match i s  accomplished 
by s e l e c t i n g  t h e  necessary  number of po les  f o r  t h e  
motor and i n v e r t e r  f requency.  
A f requency of 400 Hz i s  g e n e r a l l y  cons idered  t h e  
optimum i n p u t  frequency f o r  motor o p e r a t i o n  f o r  
t h e  fo l lowing  reasons:  
a .  Equipment s i z e  is  reasonably  compact. 
b .  I nc reas ing  t h e  frequency above 400 Hz t o  reduce 
motor s i z e  r e s u l t s  i n  i nc reased  c o r e  l o s s ,  
manufacturing problems r e l a t e d  t o  handl ing 
extremely t h i n  motor l amina t ions  and f i n e  
t o l e r a n c e s ,  and t h e  requirement  f o r  h e a t  removal. 
Harmonics, 
There a r e  two c l a s s e s  of harmonics t h a t  d e t r a c t  from 
motor performance. These harmonics a r e :  (a)  space  
harmonics due t o  winding r e s t r i c t i o n s  of t h e  s t a t o r  
assembly, and (b)  t ime harmonics caused by t h e  
a p p l i e d  voltage not  being a pure s i n e  wave, (The 
harmonics a r e  d i scus sed  i n  d e t a i l  i n  EMD Report  
N o .  2068 . )  
The rotating f i e l d  produced by time harmonics i s  
above t h e  synchronous speed of the motor,  Space 
harmonics are  s lower  than  the synchronous speed 
of the motor, Motor m a n u f a c t u r e r s  overcome t h e  
d i f f f c u L t i e s  caused by space harmonics by "skewing" 
t h e  r o t o r  ( a t  a  s l i g h t  c o s t  i n  e f f i c i e n c y ) ,  and 
by winding c o n f i g u r a t i o n .  The e f f e c t  of t ime 
harmonics is  e v i d e n t  i n  increased  c o r e  l o s s ,  b u t  
g e n e r a l l y  t ime harmonics have l i t t l e  e f f e c t  on 
motor torque-speed cu rves .  
3 .  Var iab l e  speed Operat ion.  
A motor w i l l  d e l i v e r  maximum to rque  f o r  v a r i a b l e  
speed o p e r a t i o n  i f  t h e  r o t o r  f requency i s  kep t  
c o n s t a n t  (WR = k)  , assuming t h a t  t h e  f l u x  d e n s i t y  
V i n  r a t i o  i s  c o n s t a n t  and t h e  v a r i a t i o n s  of 
(T 1 
windage and c o r e  l o s s  a r e  ignored.  
I f  t h e  fo l lowing  s i m p l i f i e d  e q u i v a l e n t  c i r c u i t  of 
a  motor i s  used,  t h e  e x c i t i n g  inductance (Lx)  and 
c o r e  l o s s  (Rx) a r e  moved t o  t h e  i n p u t  t e r m i n a l s .  
I 
0 STATOR ROTOR I 
Assume: Xl = X2 ( r e f e r r e d  t o  s t a t o r )  , R1 = R2 = R 
( r e f e r r e d  t o  s t a t o r )  , S  = s l i p  r a t i o ,  t h e  i n p u t  
1-S 7 2  1-S power w i l l  equa l  [ R l + ~ 2 + ~ 2  (s)] = 1 R(2 + --) S  
2  1-S 2  1-S 
and ou tpu t  power w i l l  equa l  I1 R2 (S)= I R (?) . 
E f f i c i e n c y ,  i g n o r i n g  co re  l o s s  (RX) w i l l  be: 
2 S R L - S  
Pout 
- -  
S 1 - S  
Pin  - 2 x 100% = I + , 1 - S) x 100%. I R ( 2  + 
If the core LOSS remains fixed at 20% and i n v e r t e x  
e f f i c i e n c y  is 90%, a 400 Hz - 6 pole motor will g i v e  
the f o l l o w i n g  ca lcu la t ed  performance, 
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(Hz 1 (RPM) 
SLIP 
(Hz) 
The two E f f i c i e n c y  T a b l e s  emphasize t h e  n e c e s s i t y  
of  d e s i g n i n g  a  motor f o r  low c o n s t a n t  s l i p  o p e r a t i o n ,  
i f  r e a s o n a b l e  e f f i c i e n c y  i s  t o  b e  o b t a i n e d .  (Note: 
20% c o r e  l o s s  and 90% i n v e r t e r  e f f i c i e n c y  were 
s e l e c t e d  f o r  compara t ive  purposes  o n l y . )  
See S e c t i o n  I V ,  pa ragraph  B ,  f o r  c o n s t a n t  s l i p  
o p e r a t i o n  t e s t s .  
The equation f a r  v a r i a b l e  speed at constant s l i p  
frequency consists of the following factors: 
CfS = 'Flux due to stator winding 
@, = Flux due t o  r o t o r  winding 
& 
El A i r  gap  v o l t a g e  
E2 m Rotor  v o l t a g e  
I2 = Rotor  c u r r e n t  
OSL 
r S l i p  f requency i n  r a d i a n s  p e r  second.  
o S  r I n p u t  f requency i n  r a d i a n s  p e r  second 
o 2  = Rotor  f requency i n  r a d i a n s  p e r  second 
S i n  8 = Rotor  phase  a n g l e  
I f  t h e  v o l t a g e  d rop  o f  t h e  s t a t o r  c i r c u i t  is  n o t  
c o n s i d e r e d  t h e n  t h e  f o l l o w i n g  r e l a t i o n s h i p s  a r e  
a p p l i c a b l e .  
*SL r o - o s l i p  = synchronous f requency S  2  ' 
- a c t u a l  f r equency  ( 2 )  
a @  E2 c SL S I231 - (X2 i s  n o t  c o n s i d e r e d )  
R2 R2 
(4)  
Tcf %ar S i n  8 ( b a s i c  t o r q u e  (T) r e l a t i o n s h i p ) ( 6 )  
The r e s u l t  o f  combining (1) and (5 )  is:  
which shows t h a t  t o r q u e  i s  c o n s t a n t  w i t h  f requency 
i f  t h e  i n p u t  v o l t a g e  per  H e r t z  (Hz) is  c o n s t a n t  and 
t h e  r o t o r  s l i p  frequency i s  c o n s t a n t .  
But, since the rotor circuit contains inductance 
!I,,), the rotor impedance i s :  
The rotor flux lags the stator flux by an angle 
grea-ter than 90° and the  r o t o r  power f a c t o r  i s  
a2 = t a n  -1 ( O S L ~ Z )  
R2 
Therefore,  8 a 90" + d2 o r  s i n  8 1  cos Di2 = 
R, 
Torque becomes 
The a i r  gap vol tage (El)  i s  the  input  vol tage minus 
the  s t a t o r  impedance vol tage drop. This torque i s  
independent of input  frequency a s  long a s  t h e  s t a t o r  
f l u x  (gS) i s  cons tant  and t h e  motor opera tes  a t  t h e  
same s l i p  frequency. (This conclusion ignores  t h e  
minor v a r i a t i o n  caused by windage, core  l o s s ,  and 
f r i c t i o n  with speed. ) D i f f e r e n t i a t i o n  of equat ion 
(11) shows t h a t  t h e  maximum torque (Tmax) occurs 
a t  a  s l i p  frequency 
R2 31- , where o i s  s l i p  frequency 
"''1 Tmax L2 m 
a t  Tmax , ( 1 2 )  
o r  a t  t h e  maximum torque poin t  (R = o m L 2 ) .  2 
To maintain a  cons tant  s t a t o r  f l u x  a t  low input  
frequency, the  input vol tage should be higher  than 
the  V/F (vol tage t o  frequency) r e l a t i o n s h i p .  The 
higher  vol tage is necessary t o  compensate fo r  copper 
l o s s .  A t  higher-than-normal opera t ing  frequency 
the  vol tage should be higher than predic ted  by the  
V/F  r e l a t i o n s h i p ,  t o  compensate f o r  t h e  increased 
s t a t o r  impedance drop, thus maintaining a  constant  
s t a t o r  f l u x  dens i ty  a s  t h e  frequency v a r i e s  over a 
wide range, 
The voltage-frequency relationship s h o u l d  be 
somewhat shaped and the amount sf correction depends 
on motor design, 
Inverter Design Review, 
A review of i n v e r t e r  des igns  1s presen ted  i n  Report 
No. 2068 ( F i n a l  Report  f o r  the NASA Con t r ac t  NAS8-18013 
Study program).  The major i n v e r t e r  des igns  d i s c u s s e d  
i n  t h e  r e p o r t  were square  wave, quasi -square  wave, and 
s tepped  wave(harmonic in te rchange)  i n v e r t e r s .  The 
i n v e r t e r  wave forms were i n v e s t i g a t e d  through t h e  use  
of a  Four i e r  Ana lys i s .  
A f t e r  ana lyz ing  i n v e r t e r  c h a r a c t e r i s t i c s  (such a s  s i z e ,  
weigh t ,  e f f i c i e n c y ,  c o s t ,  e a s e  of  maintenance, c o n t r o l  
p o s s i b i l i t i e s ,  r e l i a b i l i t y ,  l i f e  expectancy,  and 
s t a b i l i t y )  t h e  quasi -square  wave i n v e r t e r  was s e l e c t e d  
f o r  f u r t h e r  i n v e s t i g a t i o n  f o r  t h i s  s tudy  program. This 
i n v e r t e r  des ign  permi t s  t h e  gene ra t ion  of t h r e e  phase 
v o l t a g e s  w i thou t  r e q u i r i n g  ou tpu t  t r ans fo rmers .  
Report  No. 2068 p r e s e n t s  in format ion  concerning t r a n s -  
former versus  t r a n s f o r m e r l e s s  o p e r a t i o n .  Based on t h i s  
in format ion ,  t h e  t r a n s f o r m e r l e s s  t h r e e  phase quas i -  
square  wave i n v e r t e r  was t h e  b e s t  s e l e c t i o n  i n  t e r m s  of 
s i z e ,  weight ,  and r e l i a b i l i t y .  One of t h e  o b j e c t i v e s  
of t h i s  s tudy  program i s  t h e  i n v e s t i g a t i o n  of  low speed 
s t a r t i n g  and v a r i a b l e  speed ope ra t ion .  Therefore ,  i n v e r t e r  
c o n f i g u r a t i o n  i s  of major importance i n  weight  s e n s i t i v e  
a p p l i c a t i o n s .  
1. Four i e r  Ana lys i s .  
The fol lowing F o u r i e r  Analysis  i s  of t h e  Quas i -  
square  Waveform ou tpu t  of t h e  i n v e r t e r .  
The quasi -square  waveform has t h e  fol lowing c h a r a c t e r -  
i s t i c s .  
- f(t) = ~ ( w t )  (COS s i n  at + s i n  3 (ad& 
77- 
s i n  ( 2 n - 1 ) u t  (0)T = Angu la r  Velocity.) 
If @ = 30°, cas 3# = O and the  t h i r d  and m u l t i p l e s  
of t h e  t h i r d  harmonics a r e  z e r o  
Summary of t h e  above Four i e r  Analysis  
T o t a l  harmonic d i s t o r t i o n ( ~ H ~ )  
i s  31.1% 
2 .  I n v e r t e r  Output Waveform Genera t ion .  
a .  Three phase quasi -square  waveform. 
This  is  t h e  s i m p l e s t  waveform t h a t  can be  used t o  
d r i v e  a  t h r e e  phase motor. The i n v e r t e r  c i r c u i t  
used t o  o b t a i n  t h i s  ou tpu t  is  known a s  a  "Johnson 
Counter" o r  " s w i t c h - t a i l e d  r i n g  c o u n t e r H .  A 
s i m p l i f i e d  schematic f o r  t h i s  i n v e r t e r  i s  shown 
on F igure  1. The f l i p f l o p s  a r e  F a i r c h i l d  t ype  
945 ( t h e  d i r e c t  s e t  and d i r e c t  c l e a r  i n p u t s  a r e  
n o t  shown a s  they  a r e  n o t  connected i n  t h i s  a p p l i -  
c a t i o n ) .  Both ' c l e a r '  i n p u t s  f o r  FF1 a r e  u t i l i z e d  
t o  p revent  t h e  fol lowing undesi red count ing 
sequence.  
INPUT f INPUT FFI  : F F 2  F F 3  I 
(FFI) 
INVERTER OUTPUT 
@B(FFS) LINE TO GROUND 
LINE-TO-LINE 
OUTPUT 
FIGULSE, b .  TPraEE PWSE QUASI-SQelrAWE WAVE INVERTER RING COg3EJTEEP- 
-16- 
The flbpflop outputs are  connected t o  the 
inverter through NAND gates, These NANU gates 
enable rotation control by interchanging phases 
B and C .  The pu l se  width  c u r r e n t  c o n t r o l  s l g n a l  
i s  int roduced a t  t h i s  p o i n t .  F igure  2 shows 
t h e  t h r e e  phase g a t i n g  c i r c u i t  de s ign .  This  
c i r c u i t  diagram i l l u s t r a t e s  how t h e  c u r r e n t  
c o n t r o l  s i g n a l  i s  a p p l i e d  t o  a l l  g a t e s ,  and t h e  
method t o  ach ieve  motor r e v e r s a l .  
b .  S ix  Phase Half Wave I n v e r t e r .  
The s i x  phase h a l f  wave quasi -square  wave i n v e r t e r  
c i r c u i t  was i n v e s t i g a t e d .  This  i n v e r t e r  c i r c u i t  
has  t h e  same number of ou tpu t  t r a n s i s t o r s  a s  t h e  
t h r e e  phase quasi -square  wave i n v e r t e r  c i r c u i t .  
The advantages presen ted  by t h e  s i x  phase i n v e r t e r  
c i r c u i t  a r e :  
The ou tpu t  t r a n s i s t o r s  a r e  a l l  connected t o  t h e  
ground s i d e  of t h e  motor i n p u t .  This  des ign  
s i m p l i f i e s  t h e  d r i v e  requirement of t h e  i n v e r t e r .  
The p o s s i b i l i t y  of bo th  t r a n s i s t o r s  i n  one l i n e  
being on s imul taneous ly  due t o  t r a n s i s t o r  s t o r a g e  
t imes (which i s  p o s s i b l e  w i t h  a  convent iona l  t h r e e  
phase i n v e r t e r  c i r c u i t  180" t r a n s i s t o r  "on" t ime) 
is avoided.  
some d isadvantages  of t h e  s i x  phase i n v e r t e r  a r e  
a s  fol lows:  
Motor des ign  requirements  a r e  cons ide rab ly  more 
complicated than  t h e  requirements  f o r  t h r e e  phase 
o p e r a t i o n .  The s i x  phase i n v e r t e r  des ign  r e q u i r e s  
a  motor w i t h  b i f i l a r  windings and e i g h t  l eads  t o  
t h e  i n v e r t e r  o u t p u t .  
The l o g i c  r equ i r ed  t o  gene ra t e  t h e  f i n a l  quas i -  
square  wave s i g n a l s  i s  more complicated i n  des ign  
than  f o r  t h r e e  phase quasi -square  wave i n v e r t e r  
l o g i c .  

Obtaining maximum efficiency may require an 
interphase t r a n s f o r m e r .  
F igure  3 shows how t h e  quas i - square  waveform can 
be genera ted  from a  h a l f  waveform by using t h e  
same r i n g  counte r  a s  shown on F igu re  1. F igu re  4 
shows t h e  phys i ca l  c o n f i g u r a t i o n  of t h i s  c i r c u i t ,  
i nc lud ing  f a c i l i t i e s  f o r  phase r o t a t i o n  c o n t r o l  
and pu l se  width  c u r r e n t  l i m i t i n g  c o n t r o l .  
I f  a  t h r e e  phase b i f i l a r  wound motor is d r i v e n  by 
s i x  square  waves then  t h e  l o g i c  c i r c u i t  of 
F igu re  4 can be used.  However t h e  i n t e r p h a s e  
t ransformer  shown i n  F igu re  4 w i l l  d e f i n i t e l y  be 
r e q u i r e d  t o  suppress  t h e  t h i r d  harmonic c u r r e n t  
t h a t  could be p r e s e n t  w i t h  square  wave d r i v e .  
This  t h i r d  harmonic, i f  p r e s e n t ,  r e p r e s e n t s  a 
l a r g e  amount of wasted power as t h i s  harmonic i s  
q u i t e  h igh  and does n o t  produce any r o t a t i n g  
to rque .  
Breadboard t e s t s  have i n d i c a t e d  t h a t  t h e  i n t e r p h a s e  
t ransformer  r e s u l t s  i n  s l i g h t l y  improved e f f i c i e n c y  
even w i t h  quasi -square  wave d r i v e .  This  t r a n s -  
former can be comparat ively  s m a l l  a s  t h e  f requency 
components t h a t  it m u s t  suppress  is 6 t imes t h e  
fundamental w i t h  an average va lue  of 1/3 t h e  
fundamental f o r  square  wave d r i v e .  I n  t h e  c a s e  
of t h e  quasi -square  wave d r i v e  s i g n a l ,  t h e  t r a n s -  
former w i l l  handle ,  e s s e n t i a l l y ,  unbalances due 
t o  t r a n s i s t o r  s a t u r a t i o n  v o l t a g e  d i f f e r e n c e s ,  
v a r i a t i o n s  i n  swi tch ing  t imes,  and winding r e s i s t a n c e s .  
T e s t  d a t a  i n d i c a t e s  t h a t  e f f i c i e n c i e s  f o r  t he  s i x  
phase,  h a l f  wave quas i - square  wave d r i v e  and t h e  
t h r e e  phase f u l l  wave quas i - square  wave d r i v e  a r e  
very  s i m i l a r .  
FIGURE 3 .  S I X  PIPASE mLF WAVE INVERTER WAVEFORMS TO GENERATE 
Q U A S I - S Q U A m  WAVEPORMS,USING RING COUNTER ANT3 
GATING C I R C U I T  

The equations f o r  t h e  six waveforms shswn i n  
Figure 3 are as f o l l o w s :  
The NAND g a t e s  of t h e  t h r e e  phase quasi -square  
wave c i r c u i t  shown on F igu re  2 r e q u i r e  t h r e e  
i n p u t s  pe r  g a t e .  The NAND g a t e s  of t h e  s i x  
phase h a l f  wave quasi -square  wave c i r c u i t  shown 
on F igu re  4 r e q u i r e  f o u r  i n p u t s  per  g a t e .  This 
d i f f e r e n c e  i n  NAND g a t e  i n p u t  requirements  r e s u l t s  
i n  one more i n t e g r a t e d  c i r c u i t  c h i p  be ing  
necessary  f o r  t h e  c i r c u i t  on F igure  4 t han  i s  
r equ i r ed  f o r  t h e  c i r c u i t  on F igure  2 .  
3 .  Cur ren t  L imi t ing .  
There a r e  s e v e r a l  methods of c u r r e n t  l i m i t i n g  t h a t  
may be used f o r  inver ter-motor  systems.  Two methods 
of c u r r e n t  l i m i t i n g  a r e  cons idered  he re .  The f i r s t  
method, pu l se  wid th  c u r r e n t  c o n t r o l ,  i s  d i scussed  
i n  d e t a i l  i n  t h i s  r e p o r t  a s  t h i s  was determined t o  
be  t h e  method most compat ible  w i t h  h igh  power a p p l i -  
c a t i o n s .  The o t h e r  method of c u r r e n t  l i m i t i n g ,  
c u r r e n t  l i m i t i n g  power supply ,  which i s  more compat ible  
w i t h  low power requirements  i s  d i scussed  b r i e f l y  
i n  connect ion wi th  system t e s t  r e s u l t s .  T e s t  d a t a  
of t h e  c u r r e n t  l i m i t i n g  power supply  method a r e  
p re sen ted  f o r  comparison purposes .  
Pu lse  wid th  c u r r e n t  l i m i t i n g  is  achieved by ga t ing  
t h e  d r i v e  vo l t ages  t o  t h e  ou tpu t  t r a n s i s t o r .  Severa l  
g a t i n g  methods were cons idered .  One method uses  a  
pu l se  wid th  g a t e  t h a t  i s  a  m u l t i p l e  of t h e  i npu t  
f requency.  
F i g u r e  5 shows the generation of the three  phase 
s i g n a l s  and the e f f e c t  s f  u s i n g  a 6f pu l se -wid th  
modulating f requency .  F i g u r e s  6 ,  7 ,  and 8 show 
the v a r i a t i o n s  of harmonic c o n t e n t  ve r sus  pulse-  
wid th  modulation as t h e  modulation v a r i e s  from z e r o  
t o  100% f o r  a modulation frequency of 6 f ,  1 2 f ,  and 
24 f .  The 6f modulation r e s u l t s  i n  two pu l se s  per  
180° f o r  any one l i n e - t o - l i n e  v o l t a g e  waveform. 
Equations f o r  t h e  harmonic c o n t e n t  of  t h e  t h r e e  wave- 
forms considered he re  a r e  a s  follows: 
e = -  8V ( s i n  n A )  ( s i n  n 60°),  0 ( ~ & 3 0 ~  
n nn (6f 
( s i n  n ( s i n  n 45O + s i n  n 75O), 
e = -  8V ( s i n  n A )  ( s i n  n 37.5O + s i n  n 52.5O 
n n r  
(24f 
+ s i n  n 67.5O + s i n  n 82.5O), 0 < h <  7.5O 
The curves  on F igu res  6 ,  7, and 8 and Table I i n d i c a t e  
t h a t  t h e  harmonic c o n t e n t  of t h e  waveforms approxi-  
mately  vary w i t h  p u l s e  wid th  ( A )  u n t i l  t h e  s p e c i f i c  
harmonic being cons idered  approaches t h e  modulating 
frequency.  Therefore ,  t h e  modulating frequency 
should be  a s  h igh  a s  p o s s i b l e  ( c o n s i s t e n t  w i t h  
swi tch ing  c a p a b i l i t i e s  of t h e  i n v e r t e r )  t o  minimize 
any inc rease  i n  motor l o s s e s .  The inductance of t h e  
motor func t ions  t o  reduce t h e  h igher  frequency c u r r e n t .  
~f  a motor i s  t o  be operated, f o r  example, a t  a  t en- to-  
one speed r a t i o  by vary ing  t h e  i n p u t  f requency,  motor 
inductance a t  lower speeds w i l l  n o t  reduce t h e  e f f e c t  
of t h e  harmonics and poorer  performance than  p r e d i c t e d  
w i l l  be expected.  
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FIGURE 6 .  WAVESMAPE OF en WITH 6 fs  PULSE WIDTH. 
- 2 5 -  
I - - .  . '-- ' - LlJ7+4 ~;*#~k~p&J jy ;gp :*lJ+LJ 
TL I-L L ? - L . _ . L L  --: C .'.U 14. - -  . +-iL LA ' 
F I G U R E  7 ,  WAVESMAPE O F  en W I T H  1 2 f o  PULSE WIDTH 
-26- 

TABLE I .  RELATIVE HARMONIC CONTENT AS  A FUNCTION O F  PULSE W I D T H .  
Tlie effete o f  the hasmcrnics cara be overcome by 
maintaining t h e  pulsing at a high f r e q u e n c y ,  This 
pulsing f r e q u e n c y  w i l l  be in the area of 
12 X f o  when t h e  i n p u t  f r e q u e n c y  i s  400 H z ,  and 
near  120 X f o  when t h e  bnput frequency i s  40 H z .  
Fou r i e r  Analysis  of t h e  12f p u l s e  wid th  modulated 
quas i - square  waveshape : (The waveform i s  h a l f  wave 
and has a x i s  symmetry.) 
45 + X 75 + A 
4v 
e ( t )  = - m [ L ; i n  nxdx i ,-dx] 
A 
I n t e g r a t i n g  t h e  above formula: 
e ( t )  = [ cos  n ( 4 5  + A )  - cos  n i l 5  - A )  + c o s  n  
nn- 
(75 + A ) +  cos  n (75  - ( 2  
By using t h e  i d e n t i t y  cos (x t y)  = cos x  cos  y  7 
s i n  x s i n  y S e q u a t i o n  (2)  reduces  t o :  
8V o 
e ( t )  = - ( s i n  n  45 s i n  n  h + s i n  n  75O s i n  n  7,) ( 3 )  
mi= 
o r  e ( t )  = - 8V ( s i n  n  1) ( s i n  n  45O + s i n  n  75O), 
n r  
n  = orde r  of t h e  harmonic, 1, 3 ,  5  e t c .  
Therefore:  8v ( s i n  A )  ( .7071 + .9659) = 
el = n  
4.26V s i n  A ,  0<h<15O 
e  = 0.228 s i n  5h 5  
No d e t a i l e d  a n a l y s i s  was made f o r  t h i s  c o n d i t i o n  b u t  
t e s t  r e s u l t s  i n d i c a t e  t h a t  t h e  b e s t  performance i s  
ob ta ined  a t  low frequency.  Torque-speed curves  do  
no t  i n d i c a t e  any anomalies a s  a r e s u l t  of n o t  having 
t h e  pu l se  width  frequency syn b e d  t o  t h e  motor 
l i n e  frequency , 
The current Limiting function of the Inverter 
circuit shown in Appendix 1 (Sheet 2 sf 2) generates 
a waveshape corresponding t o  t h e  pu lse  width modulated 
waveforms shown on F igure  5, through t h e  fol lowing 
sequences.  
When a  pu l se  i s  a p p l i e d  t o  t h e  CD t e r m i n a l  of b i s t a b l e  
f l i p f l o p  2102, t h e  ou tpu t  of 2102 i s  h igh  and t h e  
t h r e e  phase s i g n a l s  a r e  a p p l i e d  t o  t h e  i n v e r t e r .  The 
same pu l se  t h a t  s e t s  2102 a l s o  s e t s  t h e  vo l t age  a c r o s s  
C104 t o  ze ro .  This i s  accomplished by clamp t r a n s i s t o r  
Q130. The v o l t a g e  a c r o s s  e l 0 4  w i l l  t h e n  r i s e  u n t i l  
un i junc t ion  t r a n s i s t o r  Q128 i s  t r i g g e r e d  and t h e  
r e s u l t i n g  p u l s e  i s  used t o  f l i p  2102 o f f .  (F igure  9  
shows t h e  p u l s e  t iming waveforms.) The charging r a t e  
of C104 i s  c o n t r o l l e d  by d i f f e r e n t i a l  a m p l i f i e r s  
Q125 and Q126, which d r i v e  c u r r e n t  source  Q127. Inpu t  
c u r r e n t  i s  monitored by o p e r a t i o n a l  a m p l i f i e r  2101, 
and a  p o r t i o n  of t h e  ou tpu t  i s  used t o  c o n t r o l  t h e  
d i f f e r e n t i a l  a m p l i f i e r .  Low pass  f i l t e r  R133 and 
C103 i s  used t o  cause  t h e  c u r r e n t  l i m i t i n g  c i r c u i t  
t o  respond t o  t h e  average c u r r e n t  r a t h e r  than responding 
t o  peak p u l s e s .  
This c u r r e n t  l i m i t i n g  c i r c u i t  i nc ludes  a  p rov is ion  t o  
vary  t h e  c u r r e n t  l i m i t i n g  a s  a  func t ion  of motor 
speed.  This  i s  accomplished by feed ing  t h e  speed senso r  
vo l t age  t o  t h e  i n p u t  of Z l O l  through R129. 
Addi t iona l  f l e x i b i l i t y  is  ob ta ined  by t h e  use of an 
a u x i l i a r y  o s c i l l a t o r  (Q129, and swi tch  S102) ,  thereby  
pe rmi t t i ng  t e s t s  t o  be  made w i t h  t h e  c u r r e n t  c o n t r o l  
pu l se s  a s  a  m u l t i p l e  of t h e  o s c i l l a t o r  frequency o r  a t  
a  comparat ively  h i g h  frequency no t  synchrofized t o  t h e  
AC d r i v e  power, 
3 , RESET FULSE 
9 
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FIGURE 9. PULSE T I M I N G  WAVEFQRMS 
4 ,  Slip Detec to r  and OsciLlatar, 
'l'he slip de tec to r  c i r c u i t  sklown in t h e  I n v e r t e r  Sche-  
matic, Appendix I, compares the mokor shaft speed 
w i t h  the i n v e r t e r  osciLLator f requency ,  I n  normal u s e ,  
t h i s  c i r c u i t  is  arranged t o  measure t h e  s h a f t  speed 
and subsequent ly  c o n t r o l  t h e  o s c i l l a t o r  s o  t h a t  t h e  
i n v e r t e r  w i l l  d r i v e  t h e  motor a t  a predetermined 
c o n s t a n t  s l i p .  
The s h a f t  speed i s  e l e c t r i c a l l y  measured and shaped 
by a  Schmit t  t r i g g e r  which a c t u a t e s  a  F a i r c h i l d  9601 
monostable m u l t i - v i b r a t o r .  This c i r c u i t  produces 
18 pu l se s  per  s h a f t  r e v o l u t i o n .  The ou tpu t  of t h e  
mu l t i -v ib ra to r  d r i v e s  c u r r e n t  swi tch  Q4. The o u t p u t  
of Q4 i s  i n t e g r a t e d  by r e s i s t o r  R12 and Capac i to r  C2. 
The F a i r c h i l d  709 o p e r a t i o n a l  a m p l i f i e r ,  22 ,  is  
arranged a s  a  u n i t y  g a i n  a m p l i f i e r .  The ou tpu t  of  22 
i s  a  nega t ive  going vo l t age  which i s  p ropor t iona l  
t o  motor speed,  and ope ra t e s  i n  conjunc t ion  w i t h  a 
s i m i l a r  c i r c u i t  d r iven  by t h e  o s c i l l a t o r .  The RPM 
analogue v o l t a g e  i s  used i n  ob ta in ing  torque-speed 
curves  and when a  v a r i a t i o n  of current-versus-speed 
c o n t r o l  i s  d e s i r e d .  
The pu l se s  c o n t r o l l i n g  t h e  r ing-counte r  (which i n  t u r n  
c o n t r o l s  t h e  ou tpu t  frequency) a r e  genera ted  by uni-  
j unc t ion  t r a n s i s t o r  Q9. Pu l se  frequency is  determined 
by c a p a c i t o r  C10 and r e s i s t o r  R42, which a r e  connected 
i n  p a r a l l e l  w i t h  c u r r e n t  source  Q8. When t h e  b a s e  of 
Q8 is  connected t o  a  +10 v o l t  sou rce ,  r e s i s t o r  R42 and 
c a p a c i t o r  C10 c o n t r o l  t h e  o s c i l l a t o r  f requency.  
Normally Q 8  i s  d r iven  by d i f f e r e n t i a l  a m p l i f i e r  Q6 and 
Q7, w i t h  r e s i s t o r  R42 a d j u s t e d  t o  maximum r e s i s t a n c e .  
The ou tpu t  of Q9 i s  shaped by a  NAND g a t e  and d iv ided  
by fou r  by two b i n a r y s ,  Z 6  and 2 7 .  Binarys Z6 and 27  
permit  a  c u r r e n t  c o n t r o l  s i g n a l  t o  be  genera ted .  
The c u r r e n t  c o n t r o l  s i g n a l  i s  24 t imes the ou tpu t  
frequency which r e s u l t s  i n  t h e  pu l se  width  c u r r e n t  
Eimitang method. The ou tpu t  of f l i p f l o p  27 i s  used 
in the s l i p  control c i r c u i t  and from khere the flip 
f l o p  o u t p u t  goes to the ring c o u n t e r  f o r  3 phase 
g e n e r a t i o n  th rough  NWNE) g a t e s ,  These NWFaD gates 
f u n c t i o n  to a l l e v i a t e  a n o i s e  problem t h a t  caused 
f a l s e  t r i g g e r i n g  i n  t h e  count  down c i r c u i t s .  
A DC v o l t a g e ,  p r o p o r t i o n a l  t o  t h e  o s c i l l a t o r  f requency,  
is  gene ra t ed  by t h e  'lone sho t "  a c t i o n  of 23, Q5 and C6. 
This  DC v o l t a g e  is  compared t o  t h e  "RPM" v o l t a g e  from 
22 and t h e  sum is  ampl i f ied  by o p e r a t i o n a l  a m p l i f i e r  
23. Note t h e  v o l t a g e  from C6 is  p o s i t i v e  and t h e  
v o l t a g e  from 22 i s  nega t ive ,  t h e r e f o r e  t h e  ou tpu t  of 
23 i s  a  f u n c t i o n  of t h e  d i f f e r e n c e  between t h e  
o s c i l l a t o r  and t h e  motor speed f requency.  23, a r r anged  
a s  an i n t e g r a t o r  t o  minimize f l u c t u a t i o n ,  has a  g a i n  
which is s e t  by t h e  r a t i o  of R22 t o  R20 and R21. 
This v o l t a g e  is  app l i ed  t o  d i f f e r e n t i a l  a m p l i f i e r  Q6 
and Q7 and t h e  c i r c u i t  f unc t ions  t o  main ta in  c o n s t a n t  
v o l t a g e  a t  t h e  base  of Q6. 
The ou tpu t  of 22 i s  approximately  0.82 v o l t s  w i t h  a 
pu l se  r a t e  of 2400 pu l se s  pe r  second.  This  pu l se  r a t e  
i s  e q u i v a l e n t  t o  a  motor speed of 8000RPM, which is  t h e  
nominal no load speed.  The g a i n  of ope ra t ion  a m p l i f i e r  
24 can be computed from t h e  r e l a t i o n s h i p  IR20 - 
+ ' ~ 2 1  - 
' ~ 2   (R20 = R21 = 10.5K, R22 = 1 1 O K j  . Therefore ,  
t h e  g a i n  of t h e  o p e r a t i o n a l  a m p l i f i e r  is 
E~ 
- - = - =  R22 i 0 . 5 .  
E1+E2 - R 2 0  10.5 
S ince  E2 i s  i n v e r t e d  by 22 t h e  ou tpu t  r e p r e s e n t s  t h e  
d i f f e r e n c e  between t h e  o s c i l l a t o r  and motor f requency 
and t h e  AEo f o r  a  one pu l se  pe r  second d i f f e r e n c e  i s  
10.5 X .82 v o l t s  o r  3 . 6  mv. The measured ga in  from 
2400 
24 t o  t h e  e m i t t e r  of Q 8  i s  1 2 .  R4O and 841 a r e  4 . 7 K  
ohms s o  t h e  charg ing  c u r r e n t  t o  C l O  i s  3.6X12 o r  9 , l  pamps 
4.7K 
and the  v a l u e  o f  C 1 0  i s  0 , O l  MEB, The g a i n  sf  this 
c i r c u i t  may be changed by varying t h e  v a l u e s  of 
R 3 6  or R 4 0 ,  R40 functions primarily to set an upper 
frequency l i m i t ,  
S l i p  con t ro l  is  s e t  by a d j u s t i n g  t h e  o f f s e t  o f  24 
by 825. R8 c o n t r o l s  t h e  r e l a t i v e  pu l se  wid th  s f  t h e  
two monostable m u l t i - v i b r a t o r s .  Therefore ,  by 
a d j u s t i n g  825 and R8 t h e  u n i t  w i l l  d r i v e  t h e  motor 
a t  any reasonable  s l i p ,  and t h e  a b s o l u t e  s l i p  frequency 
can be s e t  t o  i n c r e a s e  o r  dec rease  a s  t h e  motor speed 
i n c r e a s e s .  Motor b rak ing  w i l l  r e s u l t  i f  R25 is  s e t  f o r  
nega t ive  s l i p .  
C a l i b r a t i o n  of t h i s  c i r c u i t  i s  accomplished by 
connect ing .an audio  o s c i l l a t o r  t o  i n j e c t  an audio  
s i g n a l  a t  t h e  base  of Q2. The i n p u t  and ou tpu t  
f r equenc ie s  a r e  measured w i t h  a  f requency coun te r .  
The frequency measured by t h e  counte r  is  s i x  t imes 
the  i n v e r t e r  ou tpu t  f requency a s  a  r e s u l t  of a  r i n g  
counte r  being used f o r  t h r e e  phase gene ra t ion  ( a  d i s -  
p lay of 2400 H z  is  e q u i v a l e n t  t o  400 Hz a t  t h e  I n v e r t e r  
ou tpu t )  . 
Fixed frequency o p e r a t i o n  i s  ob ta ined  by us ing  swi t ch  
S2 t o  connect  t h e  base  of Q8 t o  +10 v o l t s ,  thereby  
c u t t i n g  o f f  Q8 and opening t h e  speed feedback loop.  
Manual frequency c o n t r o l  i s  then ob ta ined  by a d j u s t i n g  
r e s i s t o r  R42. 
5. Output C i r c u i t .  
The I n v e r t e r  schematic i n  Appendix I shows a  convent iona l  
t r ans fo rmer l e s s  t h r e e  phase quasi -square  wave i n v e r t e r  
connected d i r e c t l y  t o  t h e  motor. This  i n v e r t e r  i s  
unique i n  t h a t  t h e r e  a r e  no d r i v e r  t rans formers  used i n  
i t s  des ign .  The i n v e r t e r  i n  t h i s  coo f igusa t ion  does 
no t  impose any l o w  f r e q u e n c y  l i m i t a t i o n  on sys t em 
ope ra t ion .  
The three phase signals, generated by  a ""switched 
tailed" r i n g  c o u n t e r ,  pass through ga tes  t o  the 
i n v e r t e r ,  %%he ga"&es perform t w o  f u n c t i o n s :  (I.) Rotation 
c s n t r s l ,  achieved by in te rchanging  phases B and C ,  and 
( 2 )  a p u l s e  width c u r r e n t  c o n t r o l  s i g n a l ,  added 
a t  t h i s  p o i n t  for c u r r e n t  l i m i t i n g .  
A s i x  phase h a l f  wave i n v e r t e r  c i r c u i t  was eva lua t ed  
w i t h  quasi -square  wave d r i v e ,  square  wave d r i v e ,  and 
w i t h  and wi thout  i n t e r p h a s e  t ransformer  T I .  
The s i x  phase r ing-counte r  l o g i c  ope ra t e s  a s  fo l lows .  
(Note: The curves  r e p r e s e n t  optimum o p e r a t i o n . )  
Rinq Counter Sequence 
Count FF1 FF2 FF3 
1 1 0 0 
2 1 1 0 
3 1 1 1 
4 0 1 1 
5 0 0 1 
6 0 0 0 
1 1 0 0 
Outputs Sequence 
Count 2 3 4 5 6 1 2 3 4  
I ' I l t I ' I 1  
With @A r ep re sen t ing  t h e  b i f i l a r  winding, t h e  phase 
c u r r e n t s  w i t h  a r e s i s t i v e  load would be a s  fol lows:  
Count 1 2  3 4  5 6 1  
6 .  MiscebLaneous Circuits. 
A BC to DC conve r t e r  was added to f u r n i s h  t h e  i so l a t ed  
BC voltage which i s  requi red  for &be l og ic  c i r c u i t  
and operational amplifiers. 
I V ,  S Y S T M  TEST, 
A, I n v e r t e r  Breadboard Design and T e s t  R e s u l t s ,  
An I n v e r t e r  breadboard was cons t ruc t ed  t o  e v a l u a t e  i n v e r t e r -  
motor system performance and t o  t es t  t h e  e f f e c t i v e n e s s  of 
the  c o n s t a n t  s l i p  concept ,  The schematic of the Inverter 
breadboard a s  it e x i s t s  a t  t h e  end of t h e  Study Program 
i s  loca t ed  i n  Appendix I.  A block diagram of t h e  I n v e r t e r  
i s  presen ted  i n  Appendix 11. 
1. Curren t  Cont ro l .  
a .  Pu l se  Width Curren t  L imi t ing .  (Motor No. 1) 
Inver ter-motor  system t e s t s  were conducted w i t h  
t h e  pre l iminary  des ign  of t h e  c u r r e n t  s ens ing  and 
l i m i t i n g  c i r c u i t  (shown on Figure  10) i n  t h e  I n v e r t e r .  
The load motor, which is  no t  i l l u s t r a t e d ,  was 
a d j u s t e d  t o  ope ra t e  a t  approximately 4800RPM. 
Inpu t  and ou tpu t  power was measured, t h e  r e s u l t s  
a r e  p resen ted  on t h e  fol lowing t a b l e .  ( I n v e r t e r  
ou tpu t  approximately 450Hz.) 
Osc i l loscope  photographs a r e  p resen ted  i n  F igu res  
11, 12,  and 13.  
The o s c i l l o s c o p e  photographs show t h e  waveforms o f :  
A .  On-off pu lse  width  r a t i o  of v o l t a g e  a p p l i e d  
t o  t h e  d r i v e r  base  of a t r a n s i s t o r .  B .  Phase A 
motor i npu t  c u r r e n t .  Photograph No. 9 ,  F igure  13 
is t h e  waveform obta ined  when t h e  c u r r e n t  Limiting 
w a s  a d j u s t e d  f o r  no  c u r r e n t  l i m i t i n g ,  
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The t e s t  setup shown on F igure  14 was used to 
investigate the possibility o f  motor ope ra t ion  
a t  a cons t an t  slip. The curves  on F igure  15 are  
de f ined  as (A) Torque at Constant-. Frequency, and 
(B) Torque a t  Constant  S l i p .  The s l i p  was a d j u s t e d  
f o r  maximum torque  va lue .  Curve ( B )  i n d i c a t e s  a  
cons t an t  to rque  of 50 oz- in  u n t i l  t h e  I n v e r t e r  i s  
no longer  c u r r e n t  l i m i t i n g .  
I n  a  s i t u a t i o n  r e q u i r i n g  a c c e l e r a t i o n  of a  mass, 
t h e  a v a i l a b l e  to rque  i s  cons iderab ly  l a r g e ,  a s  shown 
on F igure  15,  when t h e  Constant  S l i p  curve ( B )  
i s  compared t o  t h e  400 Hz  Constant  Frequency cu rve ,  
t h e  t o rque  i n c r e a s e  is a  10 t o  1 r a t i o .  (Dips i n  
t h e  curves  on F igure  15 a r e  t h e  r e s u l t  of mechanical  
resonances .  For curves  ob ta ined  a t  a  l a t e r  d a t e  
t h e  d i p s  were e l imina t ed  by us ing  s t i f f e r  mechanical  
coupl ings .  ) 
The c u r r e n t  sens ing  and l i m i t i n g  c i r c u i t  shown on 
F igure  14 inco rpo ra t e s  t h e  fol lowing des lgn  modif i -  
c a t i o n s :  The 709C o p e r a t i o n a l  a m p l i f i e r  feedback 
c i r c u i t  was modified t o  make t h e  sense  v o l t a g e  
a  func t ion  of t h e  average I n v e r t e r  i npu t  c u r r e n t .  
Prev ious ly  only  t h e  p o s i t i v e  c u r r e n t  was sensed.  
The R-C f i l t e r  a c r o s s  t h e  i n p u t  c u r r e n t  s ense  c i r c u i t  
was a l s o  changed a s  i n p u t  c u r r e n t  sp ikes  caused 
e r r a t i c  r eco rde r  ope ra t ion .  F igure  14 a l s o  shows 
t h e  t e s t  s e t u p  t o  e v a l u a t e  t h e  f i n a l  c u r r e n t  s ens ing  
and l i m i t i n g  c i r c u i t  d e s i g n .  The t e s t  s e t u p  a l lows  
measurement of motor to rque  and inpu t  c u r r e n t  a s  
a  func t ion  of motor speed.  The curves  shown on 
F igures  16,  17,  and 18 were ob ta ined  under t h e  
fol lowing t e s t  cond i t i ons :  
The s l i p  c o n t r o l  c i r c u i t  was ad jus t ed  t o  
produce a c o n s t a n t  s l i p  frequency s f  2 5  H z .  
The inpu t  BC! v o l t a g e  was maintained a t  a  
c o n s t a n t  20  VDC. 
The lock r o t o r  to rque  was measured by keeping 
t h e  s h a f t  i n  a f i x e d  p o s i t i o n  whi le  power was 






The c u r v e s  on F i g u r e s  16, 17, and 18 are read f r o m  
right to l e f t ,  as the slip detector output voltage 
r e p r e s e n t i n g  RPM i s  negative w i t h  respect to 
ground while other vo l t ages  to the recorder a r e  
p o s i t i v e .  
Curve 1 i n  each graph shows t h e  i n p u t  c u r r e n t  and 
to rque  ob ta ined  w i t h  t h e  f r e e  running o s c i l l a t o r  
i n  t h e  c i r c u i t .  Curve 2 shows i n p u t  c u r r e n t  and 
to rque  ob ta ined  when t h e  I n v e r t e r  o s c i l l a t o r  w a s  
used. The d i p s  t h a t  appear  i n  t h e  t o rque  curves  
a t  extremely low speeds  a r e  assumed t o  have been 
caused by system time c o n s t a n t s .  The l a t t e r  may 
have t o o  long a  d u r a t i o n  t o  compensate f o r  t h e  
r a p i d  change i n  a c c e l e r a t i o n  a t  system turn-on.  
The i n c r e a s e  i n  s t a l l  to rque  us ing  h igh  f requency 
c u r r e n t  c o n t r o l ,  shows approximately a  two-fold 
improvement a s  compared t o  t h e  synchronous f r e -  
quency c o n t r o l  method. 
Cur ren t  c o n t r o l  i s  achieved by varying t h e  on-to- 
o f f  r a t i o  ( T ~ ~  and T ~ ~ ~ )  a t  a  r e p e t i t i o n  r a t e  t h a t  
is f a s t e r  t han  t h e  fundamental f requency,  a s  shown 
i n  t h e  fol lowing diagram. 
Time 
T i m e  
On 
Off 
one c y c l e  
The on-off swi tch ing  frequency can be de r ived  from 
t h e  ou tpu t  of t h e  o s c i l l a t o r  which gene ra t e s  t h e  
fundamental f requency,  o r  a f ree-running o s c i l l a t o r  
ou tpu t  s e t  t o  approximately  8KH.z may be used,  
The curves  on F i g u r e s l 9 ,  2 0  and 2 1  a r e  i n i t i a l  
torque-speed curves  f o r  Motor No. 1, obta ined  




c u r r e n t  l i m i t i n g  w a s  employed, u s i n g  t h e  f r e e  
r u n n i n g  o s c i l l a t o r .  The current l i m i t  set p o i n t  
was var ied  as a f u n c t i o n  of motor speed by a d d i n g  
the ""RPM" signal to the input sf the current 
sens ing  a m p l i f i e r  (709  o p e r a t i o n a l  a m p l i f i e r ) .  
The curve on F igure  19 was ob ta ined  w i t h  an i n p u t  
v o l t a g e  of 30 v o l t s  and a  2 . 4  amp s t a r t i n g  c u r r e n t .  
The i n p u t  vo l t age  f o r  t h e  curve  on F igu re  20  was 
30 v o l t s  w i t h  t h e  c u r r e n t  s e t  f o r  approximately  
5 amps a t  motor s t a r t i n g .  The curve on F igu re  21 
w a s  ob ta ined  w i t h  a 5 amp motor s t a r t i n g  c u r r e n t  
and 35 v o l t s  i n p u t .  The s l i p  w a s  set  a t  a c o n s t a n t  
of 25 H z  f o r  each t e s t  c o n d i t i o n .  The fo l lowing  
t a b l e  p r e s e n t s  t h e  e f f i c i e n c y  a t  va r ious  motor 
speeds  a s  r e l a t e d  t o  F igu res  1 9 ,  20, and 21. 
The r e s u l t s  of t h i s  e v a l u a t i o n  i n d ~ c a t e  t h a t  
c o n s t a n t  a c c e l e r a t i o n  to rque  may be ob ta ined  w i t h  
v a r i a b l e  c u r r e n t  l i m i t i n g .  I n  a d d i t i o n ,  t h e r e  i s  
no apparen t  i nc rease  i n  e f f i c i e n c y  a t  low motor 
speeds .  
b, C u r r e n t  L i m i t i n g  Power Supply A t  Various Slip 
Operation, (Motor No. 1) 
The information presented in this section is for 
the purpose s f  comparing r e s u l t s  s f  c u r r e n t  
l i m i t i n g  power supply ope ra t ion  ve r sus  t h e  p u l s e  
w id th  c u r r e n t  l i m i t i n g  method of c u r r e n t  c o n t r o l .  
An i n v e r t e r  i nco rpo ra t ing  a  c u r r e n t  l i m i t i n g  power 
supply was breadboarded.  Motor torque-speed 
curves  shown on F igu res  22, 23 and 24  were ob ta ined  
using a c u r r e n t  l i m i t i n g  power supply method. 
The fol lowing t a b l e  shows motor e f f i c i e n c y  a t  
s l i p  f r equenc ie s  of 8 1/3, 16 2/3, and 33 1/3 H z  
and s p e c i f i c  motor running speeds  (RPM) . 
To o b t a i n  d a t a  w i t h  h igh  r e s o l u t i o n  f o r  t h e  torque-  
speed t e s t s ,  t h e  frequency coun te r  was a d j u s t e d  
t o  p r e s e n t  s l i p  i n d i c a t i o n s  a t  50, 100, and 200 Hz 
(6  t imes t h e  a c t u a l  motor i n p u t  f r e q u e n c i e s ) .  
The t a b l e  above i n d i c a t e s  t h a t  maximum e f f i c i e n c y  
du r ing  t h i s  t e s t  occurred a t  a  s l i p  frequency of  
16 2/3 H z .  
B. Motor Design and T e s t  Resu l t s .  
A motor c o n s i s t i n g  of one r o t o r  and two in t e r changeab le  
f i e l d  housing a s s e r i l i e s  ( i n  z f f e c t ,  two motcrs)  , w a s  
purchased f o r  t h i s  s tudy  program. The motor i s  wound 
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f o r  three  phase, six pale, 400 H z  operation w i t h  h i f i l a r  
w i n d i n g s ,  and all $2 connecting leads are accessible, 
O n e  field housing asse&Ey was fabricated with M I 9  
(Silicsraa Steel) laminations (here-after  referred to as 
Motor No, 1) .  The a l t e r n a t e  f i e l d  housing asserribly w a s  
f a b r i c a t e d  w i t h  Allegheney Lu .d l l~m 4750 ( S t a i n l e s s  s t e e l )  
l amina t ions  ( h e r e - a f t e r  r e f e r r e d  t o  a s  Motor No. 2 ) .  
Otherwise t h e  two f i e l d  housing assembl ies  were i d e n t i c a l .  
Allegheney Ludlum 4750 m a t e r i a l  was used i n  an a t t empt  
t o  determine t h e  a f f e c t  of m a t e r i a l  i n  r e l a t i o n  t o  motor 
e f f i c i e n c y .  T e s t  r e s u l t s  d i d  n o t  r e v e a l  any s i g n i f i c a n t  
d i f f e r e n c e s  of motor e f f i c i e n c y  when e i t h e r  m a t e r i a l  was 
used.  
The winding c o n f i g u r a t i o n  was designed t o  permit  system 
t e s t i n g  w i t h  e i t h e r  f u l l  wave t h r e e  phase i n v e r t e r  o r  
h a l f  wave s i x  phase i n v e r t e r  o u t p u t s .  
The manufacturers  performance d a t a  supp l i ed  w i t h  t h e s e  
motors a r e  p resen ted  on F igu res  25 and 26. 
Inver ter-motor  system t e s t s  inc luded  motor ope ra t ion  w i t h  
a  s i x  phase quasi -square  wave motor i n p u t  and s i x  phase 
square  wave motor i n p u t  (each motor i n p u t  c o n f i g u r a t i o n  
was a p p l i e d  w i t h  and wi thout  an i n t e r p h a s e  t r ans fo rmer )  
a s  shown on F igu re  27. When i n p u t  power was a p p l i e d  t o  
t h e  t e s t  motor t h e  system inc reased  i n  speed t o  a  p o i n t  
where t h e  load motor absorbed t h e  power d e l i v e r e d  by 
t h e  t e s t  motor. E f f i c i e n c y  was c a l c u l a t e d  by d i v i d i n g  
t h e  load motor s h a f t  ou tpu t  power (Watts Power = 0.00074 
X RPM X OZ - I N  TORQUE) by system i n p u t  power ( P  = I E )  . 
T e s t  measurements ob ta ined  a t  s e v e r a l  i n p u t  power l e v e l s  
a r e  p resen ted  on F igure  28. These measurements i n d i c a t e  t h e  
fol lowing:  
1. Maximum e f f i c i e n c y  i s  ob ta ined  w i t h  a  s l i p  of 12 Hz 
tn 2 0  Hz= 
2 ;  Q u a s i - s q u a r e  wave motor i n p u t  r e s u l t s  i n  more e f f i c i e n t  
ope ra t ion  than does a  square  wave motor i n p u t .  
3 ,  The i n t e r p h a s e  t ransformer  improves t h e  e f f i c i e n c y  
I 
I MOTOR PEWOWANCE CURVES AT ~ O O F  
; 22 V&llr>TS, 400 H Z , 3  P-SE 6 POLE ( M $ 9  S I L I C O N  STEEL INATION) 
FIGURE 25, MOTOR NO, I PEWORMANCE CURVES (MANUFACTURERS DATA). 
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I 22 VOLiTS,40O HZ,3 P m S E  6 POLE (4750 STAINLESS STEEL LMlNA' l ' IONl  


of quasi-square wave motor input operat ion approximately 
2%, and irnproves square wave motor input operatlen 
8 to 100/0, 
F i l t e r e d  Output: Three L73p Henry inductors  were connected 
i n  s e r i e s  w i t h  the  I n v e r t e r  output  (one inductor  t o  each 
output  head) t o  determine t h e  e f f e c t  of reducing the  high 
frequency c u r r e n t .  Two motor (~orque-speed)  opera t ion  
curves were obtained.  One curve was obtained wi th  the  
inductors  connected t o  t h e  I n v e r t e r  output .  The o the r  
curve was obtained wi th  the  inductors  removed from t h e  
I n v e r t e r  output .  The two curves a r e  presented on Figures  
2 9  and 30 respec t ive ly .  The osc i l loscope  photographs, 
Figure 31, a r e  t h e  r e spec t ive  c u r r e n t  and vol tage  wave- 
forms . 
The following t a b l e  compares motor e l f  ic iency without  
f i l t e r e d  I n v e r t e r  output (L=o) vs motor e f f i c i e n c y  wi th  
f i l t e r e d  I n v e r t e r  output (L=173bH). 
EFFICIENCY TABLE 
MOTOR EFFICIENCY (%) EFFICIENCY SPEED I CHANGE (%) 
A major improvement of e f f i c i e n c y  was obtained wi th  t h e  
added inductors  a t  lower motor speeds.  A t  t he  higher speeds 
t h e  added inductance reduces the  inpu t  cu r ren t  which r e s u l t s  
i n  lower e f f i c i e n c y  . 


INVERTER OUTPUT: WITH FILIT"ER 
2 0 0  MS/DIV 
INVERTER OUTPUT WITHOUT F I L T E R  
200 M s ~ D I V  
FIGURE 31, INVERTER OUTPUT PH0T;i)GkijiPHS 
V , CONGEUS I O N S  
The information obtained f r o m  the Inverter-Motor system tests 
and f rom t h e  i n v e s t i g a t i o n s  conducted f o r  t h i s  s t u d y  program 
i s  def ined  i n  the folkowing paragraphs,  
A ,  Cur ren t  L imi t ing ,  
To o b t a i n  e f f e c t i v e  v a r i a b l e  speed,  h igh  e f f i c i e n c y  o p e r a t i o n  
of i nduc t ion  type  motors,  a method of c u r r e n t  l i m i t i n g  i s  
r equ i r ed .  The system t e s t  r e s u l t s  show t h a t  a c u r r e n t  
l i m i t i n g  power supply is  a  s u f f i c i e n t  method of c u r r e n t  
l i m i t i n g  f o r  low power ope ra t ion  (approximately 100 w a t t s )  , 
and t h a t  pu l se  wid th  c u r r e n t  c o n t r o l  methods a r e  more 
compat ible  w i t h  h igh  power o p e r a t i n g  requirements  ( g r e a t e r  
than  100 w a t t s ) .  Synchronizat ion of t h e  modulation 
frequency w i t h  t h e  i n v e r t e r  ou tpu t  is  n o t  necessary .  
o t h e r  t e s t  r e s u l t s  ob ta ined  du r ing  t h i s  s tudy  program 
emphasized t h a t  most e f f e c t i v e  motor ope ra t ion  is  ob ta ined  
w i t h  t h e  modulation frequency a t  approximately 24 t imes 
t h e  maximum i n v e r t e r  ou tpu t  f requency.  
B .  E f f i c i e n c y  . 
The pu l se  wid th  method of c u r r e n t  l i m i t i n g  r e s u l t e d  i n  
ob ta in ing  an e f f i c i e n c y  of 68% w i t h  a motor speed of 
7000 RPM and a s l i p  of 25Hz. A t  a motor speed of 4000 RPM 
and a  s l i p  of 25Hz, an e f f i c i e n c y  of 56.1% was ob ta ined .  
The c u r r e n t  l i m i t i n g  power supply  method of  c u r r e n t  l i m i t i n g  
produced an e f f i c i e n c y  of 62% a t  a  motor speed of 6000 
RPM and 16 2/3 Hz s l i p ,  and 57% e f f i c i e n c y  a t  4000 RPM 
motor speed w i t h  16 2/3 Hz s l i p .  
Grea t ly  i nc reased  low speed to rque  and e f f i c i e n c y  i s  
ob ta ined  i n  v a r i a b l e  speed ope ra t ion  wi thou t  an i n c r e a s e  
i n  s t a r t i n g  c u r r e n t  requirements ,  when c o n s t a n t  s l i p  
ope ra t ion  i s  used w i t h  v a r i a b l e  f requency d r i v e .  
C .  Var iab le  S l i p .  
Var iab le  s l i p  up t o  t h e  s t a l l  to rque  va lue  i s  e a s i l y  
implemented i n t o  t h e  c i r c u i t  de s ign ,  and w i t h  minor 
modi f ica t ions  t h e  s l i p  can be used f o r  b rak ing  whi le  
main ta in ing  t h e  regenera ted  brak ing  t o  a l i m i t e d  va lue .  
The use of b i f i l a r  wound motors p r e s e n t s  d e f i n i t e  
advantages i n  r e s p e c t  t o  t h e  des ign  of i n v e r t e r  ou tpu t  
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APPENDIX I 
FINAL INVERTER DESIGN 
(THREE PHASE QUASI-SQUARE WAVE OUTPUT) 
AND 
LIST OF MATERIAL 


MODEL NO. ICNVERTER-MOTOR 
INVERTER REGULATOR 









B E  20m *l% 
Capacitor 1 0 K  mfd 
IS 180C)mfd 
Trans istor 
BY D. I R V I N E  

























PART I m  CODE 
INVERTER REGULATOR (cont ' d) 




TEXAS I N S T R .  
TRW 
GULTON 
S L I P  CONTROL 
ELECZRICAL PARTS LIST 
--
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M o d e l  510 I R8, R25 
I 
MODEL NO. INVERTER-MOTOR 
S L I P  CONTROL ( C o n t  ' d)  
ELECTRICAL -- PARTS LIST 

























DC TO DC CONVERTER 
ELECmICAL PARTS LIST 
-7
Trans former 
R N 6 0 C 1 0 0 3 F  
7Cr ans is to r  
TEXAS INSTR CR1, CW2, CR4 
MOTOROLA 
WES TINGHOUS E 
WESTINGHOUSE CR7, CW8, CR9 
CRBQ,CRGI,@RP2 
TEXAS INSTR C R 1 3 ,  CR14 
C2, C3,  C5, C6, C7  
MODEL NO.  IWERTER-MOTOR 
CONVERTER REGULATOR 
ELECTRICAL PARTS LIST 
--




PULSE WIDTH CURRENT CONTROL 






25m Linear ALLEN BRADLAY 
p o t e n t i o m e t e r  
CORNING R133, W134,RE35 
CORNING R N 5 5 C 6 1 9 1 F  




2 5 0 K  l i n e a r  
P o t e n t i m e t e  
ALGEN BRADLEY 
ALLEN BRADLEY 
MODEL NO.  IWERTER-1VIOTOR 
PULSE WIDTH CURRENT CONTROL (cont ' d )  
ELeCZRICAL PARTS LIST 
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Capacitor 4 7 m f  d 
90 l O o o p f d * l %  
10 
. O l m f d  
10 5 m f  d 
10 
. l m f d  f l %  
1 Switch 
Transis tor  
nu 
Integrated C i r c u i t  
08 
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AEROVOX 
ELECTROE!UBE 







FA I R C H I L D  
FA IRCH I L D  
FA I R C H I L D  
R I N G  COUNTER CIRCUIT 
ROTATION AND CURRENT 
MODLEA T I O N  GATES 
ELECllRICAL PARTS LIST 
--
APPENDIX 11 




CURRENT SENSE RESISTOR 
B C ~ D C  DC VOLTAGES 
COWERTER FOR CONTROL 
C I R C U I T S  
BLOCK DIWG OF INVERTER BREBDBOAPIB. 
